Introduction
Recently, energy harvesting devices have received extensive attentions to green communications thanks to significant advantages over traditional grid-powered and battery-based devices [1] . Utilizing the wireless power transfer technique can avoid implementing cables which are difficulties in the conventional networks. Alternatively, mobile nodes can harvest energy from ambient sources such as radio frequency (RF), solar, wind, motion effects, thermoelectric effects or other physical phenomena. Besides common renewable energy sources such as sun and wind, the ambient RF signal is utilized at the receiver antennas and can be applied in wireless power transfer. Therefore, RF signal is introduced as appealing vehicle for simultaneous information and power transfer. In such green communications, the rectifying antenna receives RF signal and then transfers to rectifying circuit to produce direct current (DC) voltage. However, path loss and lower efficiency of RF-DC conversion are the main problem leading to low wireless energy transfer efficiency. The alternative RF-based energy resource provides proper solutions in the field of low-power equipments of wireless sensor networks (WSN). It is often difficult to replace the limited lifetime batteries in large number of sensor nodes in order to maintain the long-term operation of WSN. Therefore, energy harvesting techniques are emerging solution to overcome the crucial battery problem.
A new research trend on wireless power transfer is combined by the energy harvesting technology and the conventional cooperative networks subject to prolong the lifetime and expand the coverage [2] . Regarding cellular networks and WLAN, the batteries in handheld devices have limited operation time, meanwhile the fast growth of multimedia applications consumes too much energy. Energy harvesting techniques play an important role in wireless powered communication networks, in which the relay nodes are assumed not to have internal energy source.
In the context of bidirectional transmission in cooperative communications so-called two-way relaying networks (TWRN) are used where two source nodes simultaneously transfer information and energy to the relay node. To apply energy harvesting to two-way relay transmission, the transmission process is separated into two phases. During the first phase, namely Multiple Access (MA) phase, the two source nodes transmit information and energy to the relay node. Afterward, in the broadcast (BC) phase, the relay node transmits information simultaneously to both the source nodes. Recently, in [3] , the authors shown that joint power optimization problem and relay selection can be solved for the maximization of the throughput of an amplify-and-forward (AF) relaying network with energy harvested at the relay node. Regarding cognitive radio system, it was shown in [4] that the optimal cooperation scheme can maximize the throughput of secondary user (SU) which harvests energy from RF signal. The other important parameter investigated in [5] is the rate-energy trade-off factor between the maximum ergodic capacity and maximum harvested energy of SU who shares the spectrum and harvests energy from the primary transmission. Exploring the other special ambient energy resource, the authors in [6] developed cooperative network with interference aided energy harvesting relay which harvests energy from the co-channel interference (CCI) signal. The authors in [6] also derived the analytical ex-pressions for ergodic capacity based on the probability density function of the random variables in terms of signal noise ratio (SNR) on each hop for performance evaluation. In addition, the optimized time splitting coefficient analyzed in [7] can substantially boost the throughput of the full-duplex cooperative networks in both cases of AF and decode-and-forward (DF) protocols. To analyze energy policies, it was shown in [8] the performance of optimal throughput in one-way relaying network was impacted by time switching and power splitting coefficients in the time power switching protocol (TPSR). In the other protocols of relaying network, the authors in [9] derived expressions of average achieved sum-rates for DF and compute-and-forward in order to reflect an energy constraint. It is also worth pointing out that in [10] the authors proposed two energy constraint relaying protocols, namely, i) time switching-based relaying (TSR) protocol and ii) power splitting-based relaying protocol (PSR) in wireless energy harvesting and information processing network. Related to design structure of energy harvesting circuits [11] , [12] , the authors analyzed the energy performance in terms of integrated circuit power consumption.
However, the vast majority of previous works in [3] , [13] [14] [15] [16] [17] assumed that the transceiver hardware is ideal for evaluating the performance of relaying network. In practice, the most mobile equipments suffer from hardware impairments, e.g. phase noise, in-phase and quadraturephase imbalance (IQI), nonlinear power amplifier [18] . The analysis of hardware impairments in energy harvesting enabled cooperative communication has not been addressed in the literature. Hardware impairments are particularly prone by the cheap equipments. It is worth noting that hardware impairments limit the system's performance such as the capacity, throughput and symbol error rate (SER). In addition, the relaying network is not only affected by non-ideal hardware but also by channel estimation accuracy and signal processing complexity [14] , [19] .
In this paper, we deploy two-way AF relay as lowcomplexity protocol that amplifies the received signal without decoding processing. We formulate and examine the outage probability and the maximized throughput for the proposed power switching imperfect relay (PSIR) and power switching imperfect source (PSIS) protocols with delay-limited transmission mode. Motivated by the results in [20] , we hereafter propose a general expression of outage probability under hardware impairments for all proposed energy harvesting schemes. Our mathematical and simulation analyses provide how the performance of communications changes under the different levels of hardware impairments and energy harvesting efficiency factors.
The main contributions of this paper are summarized as follows:
• Based on the conventional energy harvesting structure (i.e. power switching based relay), we propose two main energy harvesting protocols (PSIR, PSIS) which show the principles of collecting power, especially in low cost receiver with high level of hardware impairments.
• For the PSIR and PSIS protocols, we analyze how unwanted noise of non-ideal hardware leads to degrade the effective SNDR (signal to noise and distortion ratio) and hence harming the outage probability. Interestingly, we obtain the tractable closed-form of outage probability in general expression for all proposed protocols.
• We derive analytical formula for the maximized throughput by changing energy harvesting fractions in calculation of outage probability under delay-limited transmission mode. More importantly, the derived expressions lead to obtain the optimal value of power switching factors in the proposed protocols.
The remainder of this paper is organized as follows: Section 2 introduces the system model and illustrates the energy harvesting scheme for the relay in TWRN. In Sec. 3, we examine the closed-form expression of SNDR at the two source nodes of energy harvesting relaying network under the impact of hardware impairments. The tractable formula for outage probability and optimal throughput are derived in Sec. 4. The analysis and simulation results are dedicated to the performance of imperfect source and relay affected by non-ideal hardware. Our numerical results to corroborate the theoretical expressions are illustrated in Sec. 5. Finally, the main discussion is summarized in Sec. 6.
Signal and System Model
This paper considers TWRN with all nodes equipped with single antenna [15] , assuming that only the relay node has no embedded power supply. They use harvested energy in the first phase in order to transmit information in the second phase. The TWRN is analyzed based on AF protocol with two hops including two transmitter nodes (A and B) and a relay node (R). After the energy constrained relay node harvests power from the RF signal transmitted by both of source nodes (i.e., the transmitter nodes), it utilizes the harvested energy in order to amplify and forward the received signal from the relay to the destination nodes. Therefore, the process of communications is performed in two time slots in which the first slot is assigned to the source-relay link and the second slot is designed to the relay-destination link.
For the ease of implementation, the assumptions for the TWRN system model and the proposed schemes are given as follows:
• (A1.) The destination node is only received directly by relay node without any signal from the source node. In addition, the AF relaying scheme is chosen at the intermediate relay.
• (A2.) The channel state information is estimated per-fectly at the relay and destination nodes. We assume only small number of pilots for training sequences and remaining bandwidth at acceptable limitation for transmitting pure data.
• (A3.) It can be measured with some kinds of equipments in term of level of hardware impairments
A and R at the source and relay nodes, respectively. • (A4.) In the TWRN, we also focus on multiple access broadcast (MABC) protocol which is more spectral efficient than time division broadcast (TDBC) protocol. In MABC, the signal is transmitted from both the source nodes to the relay node in the first half period and then broadcast signal is conducted from relay to both the destination nodes in the second half period.
• (A5.) All channels in the TWRN are considered as slow and frequency flat fading. In addition, these independent Rayleigh fading channel coefficients are assumed to be constant over the block time T of signal frame.
Conventionally in wireless systems, the received signals at the relay and destination nodes are modeled as , , , ,
where h i is the channel which is often estimated by training sequences prior to sending useful data and n i is the Gaussian noise, while v i is defined as distortion noise from impairments in the transceivers. In this paper, we consider the effect of hardware impairments on both the source and relay nodes (i.e. imperfect source, imperfect relay). We denote h A and h B as the channel coefficients from the node A to the node R and the node B to the node R , respectively and
is the average gain, or we often represent h j ~ CN(0, j ). The system works under Rayleigh fading channel and average gains have been modeled with respect to the probability density function (PDF) and cumulative density function (CDF) respectively as follows
( )
3. Power Switching Protocol
Power Switching Imperfect Relay Protocol
In PSIR protocol, the information transmission from the source node to the relay node occurs in the first block time T/2 and the remaining one of T/2 is used for information processing between the relay and the destination nodes. In addition, the fraction of the received power used for energy harvesting is denoted by P j (j = A, B) with 0 ≤ ≤ 1 and the remaining power of (1 -)P j is supplied for transferring information from the source node to the relay node. The harvested energy at the power constraint relay can be rewritten as ( )
where η denotes energy conversion efficiency. Indeed, the harvested energy which is then transmitted in duration of T/2 from the relay node can be calculated as
In the PSIR, the power for transmitting information by the source nodes is only allocated a fraction of (1 -)P j . Thus, the received signal at the energy constraint relay can be expressed as follows
For simplicity, it is assumed that all nodes have equal noise variances denoted as σ 2 . In the TWRN with hardware impairment constraint at the imperfect relay node, it amplifies the received signal with the modified variable gain given by
The received signals at the two destination nodes are given by ( ) (8) and (9) respectively can be suppressed by applying network coding technique [21] . Thus, the end-to-end SNDR at source node A can be expressed as ( 
Power Switching Imperfect Source Protocol
In the PSIS protocol, the received signal at the energy constraint relay node can be expressed as follows
The received signals at the two source nodes in this case are formulated as ( ) 
Next, the expression of SNDR at the source node A is shown as below
Similarly to the derivation in the PSIR, we also obtain the closed-form expression of SNDR as follows 
Outage Probability and Throughput Analysis

Outage Probability
We first derive the analytical expression for outage probability based on the Lemma 1 as given below. 
where K 1 (.) stands for the first-order modified Bessel function of the second kind. For Proof: See Appendix.
Without loss of generality, we assume that P A = P B =P and derive the outage probability of these proposed protocols in general form as below 
where γ * A denotes the upper bound of SNDR, ρ j = |h j | 2 and hence using the results of Lemma 1, we obtain the outage probability of received signal at each source node in the TWRN which is defined as P 
Maximized Throughput Analysis
In this paper, we focus on delay-limited transmission where the destination node needs to decode the received signal block by block and the code length is smaller than the transmission block time. In such transmission, the speed of transmitted signal is considered as fixed rate. Indeed, we can find the throughput based on the outage probability calculated in previous sections as
where C PSIR, PSIS denotes the throughput for both PSIR and PSIS protocols, P 
Numerical Results
In this section, we discuss the performance of the analytical models through simulations, and investigate the impact of key system parameters on the throughout of the system. We set the source transmission rate applied to the high-rate wireless system as 4 bps/Hz (i.e., 4 bits/channel use), and hence the outage SNDR threshold is given by Monte-Carlo simulations are used to validate the analytical expressions of outage probability and throughput. It is important to see that there is perfect agreement between Monte-Carlo simulations and analytical curves. In addition, these simulation results are obtained by evaluating expression over 10 5 random iterations of the Rayleigh fading channels.
The simulation results in Fig. 1 and Fig. 2 further deal with the outage performance in the PSIR and PSIS protocols. We set the fraction of the received signal power for energy harvesting as = 0.5. These curves demonstrate that hardware impairments are critical impacts at high transmitted power. As can be seen, the hardware impairments are considered as critical parameters for evaluating the TWRN's performance, especially as these parameters increases, the performance of outage probability are decreased. Unfortunately, the outage probability curves at high level of hardware impairments approach the outage values.
We consider the case of variable fractions of harvested power for energy harvesting protocol. As shown in Fig. 3 , the percentage of harvested power (i.e. ) directly influences the outage probability and then the optimal throughput. We set the transmitted power P = 20 dB. Intuitively, the value of the throughput of the PSIR and the PSIS are roughly equivalent. Specifically, we consider the throughput performance in the PSIR and PSIS protocols, the throughput at destination increases as changes from 0 to the optimal value. This result is because smaller fraction of yields less harvested energy. Such less energy leads to decrease the outage performance and then obtaining larger throughput. In contrast, when increases over the optimal threshold, smaller value of (1 -) in (11) and (16) 
Conclusions
This paper has presented how dramatic levels of hardware impairments affect the outage probability and the optimal throughput in the energy constraint TWRN where the wireless information and the power are transferred simultaneously. We have investigated several energy policies for harvesting energy at the relaying nodes which are often located far from the source nodes equipped with stable and powerful energy source. It has been shown in simulation results that analytical and simulated curves are matched completely. The important achievements are our derivations on optimal energy harvesting fractions for obtaining the maximized throughput. We derive the closedform and tractable expressions for the outage probability as the function of hardware impairments coefficients. Our results can provide helpful engineering guidelines to design transceiver circuits with acceptable hardware impairments thresholds in order to satisfy the outage probability and the maximized throughput requirements in real energy harvesting enabled cooperative wireless communications.
Appendix
Proof of Lemma 1:
It is worth mentioning that ρ 1 and ρ 2 are two independent random variables and we obtain the below formula using the law of total probability to condition on ρ 1 and ρ 2 .
For instance, the probability to condition on ρ 1 can be written as ( ) , we obtain (17).
This completes the proof of Lemma 1.
